Micro/nano fabrication technologies are now highly integrated and scalable for application in semiconductor, display, and biological technologies[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13]. As applications of micro/nano fabrication have expanded, demand for cost-effective, high-resolution, and large-area imaging technologies for inspecting the final structure have become more important to secure high manufacturing throughput[@b14][@b15][@b16][@b17][@b18][@b19][@b20]. In the case of the optical system currently in use for inspection, however, it is difficult to satisfy both the required resolution and the required imaging area[@b21][@b22][@b23]. There have been attempts to adopt a confocal optical system to overcome the limitations of the resolving power[@b24][@b25][@b26]. However, it is difficult to apply conventional confocal imaging systems to large-area inspection, mainly due to the low imaging throughput of confocal imaging systems. Various methods have been investigated to overcome these limitations by improving the imaging throughput of confocal imaging systems using multi-optical probes generated using a microlens array[@b27][@b28][@b29]. Using a microlens array as the objective lens of a confocal optical system allows this technique to overcome the mentioned limitations and provides additional advantages. First, when the microlens is used to obtain the optical information at the on-focus plane, the microlens is not affected by four Seidel aberrations: coma, astigmatism, field curvature, and distortion. The microlens is only affected by a spherical aberration. Second, large-scale applications become possible by expanding the dimensions of the array. Third, the microlens array can be fabricated at a low cost using a conventional photolithography process[@b13][@b30].

Despite these advantages, the use of microlens arrays as an objective lens in a confocal imaging system cannot be put to practical use. This is mainly because the working distance, as determined by the focal length of the microlens, is too short. The array is, therefore, highly susceptible to damage from particulate contamination and microlens contact and to secondary scratch damage on the samples. Additionally, the implementation of a confocal imaging system using a microlens array as an objective lens requires a highly complex optical system that is not easily scalable.

This study focused on developing a design methodology for a scalable, easy-to-integrate confocal imaging system using an objective microlens array with an increased working distance. To test the feasibility of the design methodology, this array was used to construct a multi-optical probe confocal imaging system with an array size of 10 × 10. The developed system provides a field of view (FOV) of 1 mm × 1 mm with a sample scanning range of 100 μm, a resolution of 1-μm/pixel, and a working distance of 165.5 μm, which is greater than the maximum particulate contamination size possible during the manufacture of an actual display substrate[@b31][@b32][@b33][@b34]. The design methodology incorporates a micro-objective lens module (μOLM) composed of two microlens arrays, an objective microlens array (OMA), and an intermediate microlens array (IMA) integrated on either side of a glass substrate. Backside alignment photolithography and a thermal reflow process were applied to fabricate the μOLM. This module was combined with a conventional objective-side telecentric lens system to create a confocal imaging system. The point spread function (PSF) was measured using knife-edge detection to verify the feasibility of the integrated system; a full-width half maximum (FWHM) lateral resolution of 0.98 μm was confirmed. Finally, a variety of samples were imaged to verify the system's practical use in an optical inspection system.

Results
=======

Design of the multi-optical probe confocal imaging system with an increased working distance
--------------------------------------------------------------------------------------------

A μOLM composed of two microlens arrays, an objective-side telecentric relay lens, a light source, and an imaging sensor were applied to achieved the confocal imaging system. [Figure 1(a)](#f1){ref-type="fig"} shows a schematic diagram of the designed optical system and an example of the image formation process. Generally, the working distance of an applied microlens is restricted to its focal length. Here, to increase the working distance of the objective microlens such that it exceeds the lens focal length, a μOLM was designed with two microlens arrays. The proposed design methodology using μOLM can provide a solution to make the working distance longer with considerably reduced loss of resolving power (see [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). The module is composed of an OMA and IMA, as shown in [Fig. 1(b)](#f1){ref-type="fig"}. When the working distance (*WD*~*OMA*~) is greater than the focal length (*f*~*OMA*~) of the μOLM, the back focal length (*BFL*~*OMA*~) and convergence angle (*θ*~*IMA*~) can be calculated using [Equations (1](#eq1){ref-type="disp-formula"}) and ([2](#eq2){ref-type="disp-formula"}), which relate *f*~*OMA*~ and *WD*~*OMA*~, respectively:

Here, *n*~*sub*~ is the refractive index of the substrate, and *Sag*~*OMA*~ and *RoC*~*OMA*~ are the sag height and radius of curvature, respectively. *BFL*~*OMA*~ shortens as *WD*~*OMA*~ lengthens. The transmission of optical information using a relay lens to the image sensor becomes more difficult because *θ*~*IMA*~ increases drastically, as indicated in [Equation (2)](#eq2){ref-type="disp-formula"}. An IMA was used to resolve this issue. The IMA converges the parallel beam from the light source to the intermediate image plane, and this beam is then focused to the object plane by the OMA. Subsequently, the beam is reflected by the sample and converges to the intermediate image plane due to the OMA. Finally, the beam is collimated by the IMA and propagated to the relay lens. To ensure that the collimated beam is delivered to the image sensor without a loss of optical information, the radius of the IMA, *r*~*IMA*~, was designed to be greater than the radius of the image circle generated by the OMA, *r*~*img*~, which can be calculated using [Equation (3)](#eq3){ref-type="disp-formula"}. The objective-side numerical aperture (NA) of the OMA (NA~OMA,obj~) was used to derive the optical performance of the designed μOLM with the increased working distance, as given in Equation (4).

The beam collimated by the IMA has a short propagating distance due to diffraction effects produced by the small radius of the microlens. This can cause a loss of optical information during transmission of the beam from the IMA to the image sensor. To solve this problem, an objective-side telecentric lens was applied as a relay optical system and was focused on the plane of the IMA. Additionally, the objective-side telecentric lens enables the system to secure sufficient space to ensure that the coaxial optical configuration is within the working distance of the relay lens. Moreover, due to the properties of a telecentric lens, the chief ray is parallel to the optical axis, and the optical signal collimated by the IMA passes the centre of the relay lens stop plane. Based on these properties, the aperture located on the relay lens stop plane can be used as the pinhole required in a confocal imaging system. A point light source is generated by the pinhole after the LED light source, and the aperture of the relay lens used as a pinhole for the confocal system is located in an optically conjugate plane in front of the detector. This configuration makes the presented system work as a confocal imaging system. As illustrated in [Fig. 1(a,c)](#f1){ref-type="fig"}, the optical information coming from the focal point of the optical axis of the OMA reaches the image sensor after passing through the centre of the relay lens aperture. In contrast, optical information out of the OMA focal point is blocked by the aperture. Therefore, a single aperture of the relay lens can be configured to act as a pinhole for the confocal imaging system that uses each microlens.

To confirm the feasibility of the proposed design for use in confocal imaging systems, a system was designed with a FOV of 1 mm × 1 mm, a resolution of 1 μm/pixel for the display circuit optical inspection system, and a working distance of 165.5 μm, which is greater than the possible particulate contamination size during the fabrication of a flat panel display. The μOLM was composed of an OMA and an IMA integrated on either side of a glass substrate (thickness: 320 μm). The geometrical specifications of the microlens arrays were as follows: the radii of the lens arrays were both 40 μm; the sag height of the OMA and IMA were 17.50 μm and 20.16 μm, respectively; the focal lengths of each microlens array were 81 μm and 74 μm, respectively, using a photoresist with a refractive index of 1.6724 at a wavelength of 572 nm; and the dimension of the μOLM array was 10 × 10 with a pitch of 100 μm. This configuration enables 1 mm × 1 mm size imaging with a scanning range of 100 μm × 100 μm. The working distance of the designed μOLM was 165.5 μm with an objective-side numerical aperture (NA) on the OMA, *NA*~*OMA,obj*~, and a value of 0.21, as given by [Equations (1](#eq1){ref-type="disp-formula"}) and ([4](#eq4){ref-type="disp-formula"}), respectively. The *r*~*img*~ of the designed system was calculated to be 16.22 μm. To ensure that the system is capable of transmitting an intermediate image on the OMA to the relay lens without any loss of optical information, *r*~*IMA*~ was designed with a value of 40 μm.

Construction of the confocal imaging system with micro-objective lens module fabrication
----------------------------------------------------------------------------------------

The designed μOLM with two microlens arrays was fabricated using two steps of a photolithography process and a thermal reflow process. [Figure 2](#f2){ref-type="fig"} shows the fabrication process of the μOLM with the microlens arrays. The sag height of the OMA and IMA were 17.5 μm and 20.2 μm, respectively. [Figure 3](#f3){ref-type="fig"} shows the fabricated μOLM and its profiles. The microlens array profiles were measured using a surface profiler (Form Talysurf PGI 840, Taylor Hopson, UK). The results confirmed that the geometrical deviations of the fabricated microlens arrays from the designed value were less than 0.9%. Furthermore, the alignment deviations between the central axis of microlenses on either side were measured to be 3.1 μm using a tool maker's microscope (STM6, Olympus, Japan) at 10× magnification.

A 90-W white light light-emitting diode (LED) (WS-90, HEAAN, Korea) was selected. Although a single wavelength light source, such as laser, can achieve a greater resolving power, there are limitations in the simultaneous inspection of materials with different reflectances. A non-polarizing beamsplitter (10 mm VIS, Edmund Optics, USA) was used to implement the coaxial optical system between the light source and image sensor. A 1.4-megapixel charge-coupled device (CCD) image sensor (CM-140MCL, JAI, Japan) was used as the image sensor for data acquisition. An objective-side telecentric lens (KS_12K_TX35, Kisoo Precision, Korea) at 3.5× magnification, a working distance of 40 mm, and a FOV of 21 mm was used as a relay optical system equipped with a replaceable aperture. A nano-positioning system (P-561.3CD, PI, Germany) was used for sample scanning.

Raw images were captured using in-house synchronizing software encoded using LabView (National Instruments, USA). The intensities of the optical probes at the image plane of the telecentric lens were detected by the CCD, and the value from one CCD pixel was stored as a single pixel for the image. The rotational misalignment of the optical probe array and the translational direction of the scanning in the XY-direction, which can induce the image disconnection, were adjusted using a manual precision rotational stage[@b35].

Analysis of the optical performance of the constructed confocal imaging system
------------------------------------------------------------------------------

Because the resolution limit of the confocal imaging system was  [@b36][@b37], the theoretical optical resolution of the developed system can be obtained using Equation (5):

where *RoC*~*IMA*~ is the radius of curvature of the IMA, *m*~*OMA*~ is the magnification of the OMA, and *NA*~*relay,\ obj*~ is the objective-side NA of the relay lens.

The resolution increases as the aperture diameter of the relay optical system decreases, as given by [Equation (5)](#eq6){ref-type="disp-formula"}. However, as the aperture diameter decreases, the light intensity reaching the CCD is reduced in proportion to the square of the aperture's radius. In this study, imaging tests were performed with an aperture diameter as small as 1.5 mm due to the limitations of the CCD sensitivity. To analyse the effects of the aperture diameter on the system resolution, imaging tests were completed using four different aperture diameters.

[Figure 4(a)](#f4){ref-type="fig"} compares the sample images with a 4 μm × 4 μm square island pattern for each aperture diameter. By comparing the images, it is possible to confirm intuitively that the resolution improves as the aperture diameter decreases. A knife-edge detection method was used to quantitatively evaluate the improved lateral resolution with a decreasing aperture diameter of the system. The image used for the knife-edge detection method was acquired using a sampling period of 50 nm. [Figure 4(b)](#f4){ref-type="fig"} shows the first-order derivatives of the normalized intensity with a decreasing aperture diameter. The measured resolutions in the FWHM were compared with the calculated values shown in [Fig. 4(c)](#f4){ref-type="fig"}. The maximum resolving power was 0.98 μm at a 1.5-mm aperture diameter with a *NA*~*relay,\ obj*~ of 0.02. Using [Equation (5)](#eq6){ref-type="disp-formula"}, the calculated resolving power of the μOLM with two microlens arrays was 0.94 μm, which shows a good agreement with the measured value. It should be noted that the developed system using the μOLM with two microlens arrays improved the resolving power compared with the system using a single microlens array at the same working distance. The resolving power of a single microlens array with a focal length of 165.5 μm can be determined to be 2.00 μm using equation (SE1) in the [supplementary information](#S1){ref-type="supplementary-material"}.

To assess the system's limitations in terms of resolving power, a chrome-deposited photomask with a 1 μm × 1 μm island and a pinhole pattern were imaged, as shown in [Fig. 5](#f5){ref-type="fig"}. It should be noted that limitations in resolving power can be enhanced using a smaller aperture diameter and using a CCD with a greater sensitivity.

To determine whether the proposed imaging system could be applied to the inspection of an actual electrical circuit, a thin film transistor (TFT) pixel glass was imaged. [Figure 6(a)](#f6){ref-type="fig"} shows the imaging results of the 1 mm × 1 mm FOV at 400% magnification obtained using the proposed confocal imaging system. A comparison with the same objective image taken using a conventional inspection system with a magnification of 5.0, NA of 0.12, 10 mm WD with coaxial light and a FOV of 1.4 mm × 1.0 mm (Kisoo Precision, Korea) confirmed that the confocal imaging system improved the resolving power ([Fig. 6(b)](#f6){ref-type="fig"}). (see [Supplementary Fig. S2\~S4](#S1){ref-type="supplementary-material"} for more examples).

Discussion
==========

This study developed a design methodology for a multi-optical probe confocal imaging system using an OMA that can be applied to a large area and allows high-resolution inspection. A system was constructed to verify the feasibility of the design, and tests were conducted to evaluate the proposed system's optical performance. The proposed design methodology for the confocal imaging system overcomes the limitations of the short working distances typical of microlens arrays by incorporating a μOLM with two microlens arrays and a telecentric relay optical system. The design allows simplified, scalable integration by utilizing the aperture of the objective-side telecentric relay lens as a pinhole. This system has the advantages of reduced unit cost for optical system integration and simplified scaling for large-area measurements.

The μOLM was fabricated using backside alignment photolithography and a thermal reflow processes. The working distance of the module was 165.5 μm. A spherical microlens with a geometrical deviation of less than 0.9% compared with the designed lens was achieved. The resolution of the proposed confocal imaging system was evaluated using the knife-edge detection method with respect to the aperture diameter. The results confirmed that the FWHM lateral resolution was 0.98 μm with a 1.5-mm aperture diameter. Furthermore, the relationship between the FWHM lateral resolution and the aperture diameter confirmed that the system could achieve a greater resolution using a smaller aperture and a CCD with greater sensitivity. Finally, an imaging test of a TFT pixel glass with a 1 mm × 1 mm FOV was performed; the results confirmed that the proposed confocal imaging system could be exploited to inspect actual electronic circuits.

This study developed an alternative design methodology capable of producing a cost-effective inspection system with high optical resolution. The system overcomes the resolution limit of existing optical inspection systems. The implementation of a metre-scale inspection system, through system modulation based on the proposed design methodology and its parallelization, is a subject of on-going research.

Methods
=======

Fabrication of μOLM
-------------------

The designed μOLM with two microlens arrays was fabricated using a photolithography process and a thermal reflow process. Positive photoresist (AZ 9260, AZ Electronic Materials, USA) was spin-coated at 3,000 rpm on a glass substrate with a thickness of 320 μm (borosilicate glass, Schott, Germany) for 60 sec and baked on a hotplate at 110 °C for 120 sec. Micro-cylindrical pedestals with a thickness of 10.7 μm were then fabricated via photolithography using a quartz mask and mask aligner (MA-6, SUSS MicroTec, Germany). Here, the alignment marks of the mask were located on the four corners of the microlens array for a backside optical alignment process. The minimum line width of the alignment mark was designed to be 5 μm. I-line UV light was used at 1,250 mJ/cm^2^ and the substrate was immersed in positive developer (AZ 400 k, AZ Electronic Materials, USA) for 180 sec. After rinsing and drying, the prepared micro-cylindrical pedestals were processed at a thermal reflow of 160 °C for 25 sec to obtain a spherical lens shape.

A protective layer used to integrate the IMA on the back side of the OMA was fabricated with a polyimide (PI) film. A silicon urethane acrylate-based ultraviolet (UV)-curable photopolymer (MINS-ERM, Minuta Technology, Korea), which has a low surface energy to simplify the removal of the protective layer after fabrication of the IMA, was used as lens-shape conservation layer. The resin was then coated onto the OMA by applying a PI film and was polymerized using 3,500 mJ/cm^2^ broadband UV light exposure. The IMA was fabricated using the same photoresist coated at 1,500 rpm for 60 sec with an initial thickness of 12.6 μm after the same soft-baking process. The central axis for each microlens was aligned using an optical backside alignment process, and the micro-cylindrical pedestals were fabricated using the same development process as described above with 1,450 mJ/cm^2^ UV light exposure. The final thermal reflow process proceeded with a metal heat sink created on the protective layer under the same conditions as the prior thermal reflow process. Finally, the protective layer was removed.
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![Schematic diagrams of the multi-optical probe confocal imaging system with increased working distance.\
**(a)** the proposed multi-optical probe confocal imaging system using the micro-objective lens module (μOLM). Example images from the image sensor with a relay lens aperture diameter of 1.5 mm. **(b)** Conceptual drawing of the micro-objective lens module composed of an objective microlens array (OMA) and the intermediate microlens array (IMA) and **(c)** the pinhole effect for blocking optical information from out of the focal point in the multi-optical probe confocal imaging system.](srep33278-f1){#f1}

![Schematic diagram of the μOLM fabrication process.\
The designed μOLM with two microlens arrays was fabricated using two steps of a photolithography process and a thermal reflow process. The OMA was fabricated preferentially, and the IMA was then fabricated. The UV imprint process was conducted to fabricate the OMA protection layer, which prevented damage during the additional process.](srep33278-f2){#f2}

![The μOLM sample image with profile measurement results.\
(left) sag height of the OMA and IMA was 17.5 μm and 20.2 μm. The geometrical deviations of fabricated microlens arrays from the designed value were less than 0.9%, (centre) the alignment deviation between the central axis of microlenses on either side were measured at 3.1 μm, and (right) image of the fabrication result on IMA side view showed the dimension of the μOLM is an array size of 10 × 10.](srep33278-f3){#f3}

![Analysis of the effect of aperture diameter on the lateral resolution.\
**(a)** sample images from a 4 μm × 4 μm square island pattern; **(b)** first-order derivatives of the normalized intensity; and **(c)** full width-half maximum (FWHM) measured resolution compared with the calculated values for various aperture diameters ranging from 1.5 mm to 8.5 mm. The maximum resolving power was 0.98 μm at a 1.5-mm aperture diameter.](srep33278-f4){#f4}

![Images of a chrome-deposited photomask with a 1 μm × 1 μm island and pinhole pattern.\
**(a)** test panel image, **(b)** 1-μm island image, and **(c)** 1-μm pinhole image using the proposed confocal imaging system. The patterns are intuitively distinguished using both the 1000% magnified images and the intensity profiles.](srep33278-f5){#f5}

![Thin-film transistor (TFT) pixel glass image.\
obtained using **(a)** the proposed confocal imaging system, and **(b)** a conventional inspection system with 400% magnification at a 1.5-mm aperture diameter. The confocal imaging system has a sharper edge on the micro-scale lines and structures due to the improved resolving power.](srep33278-f6){#f6}
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